Wave function scars refer to localized complex patterns of enhanced wave function probability distributions in a quantum system. Existing experimental studies of wave function scars concentrate nearly exclusively on nonrelativistic quantum systems. Here we study a relativistic quantum cavity system realized by etching out from a graphene sheet by quantum transport measurements and theoretical calculations. The conductance of the graphene cavity has been measured as a function of the back gate voltage (or the Fermi energy) and the magnetic field applied perpendicular to the graphene sheet, and characteristic conductance contour patterns are observed in the measurements. In particular, two types of high conductance contour lines, i.e., straight and parabolic-like high conductance contour lines, are found in the measurements. The theoretical calculations are performed within the framework of tight-binding approach and Green's function formalism. Similar characteristic high conductance contour features as in the experiments are found in the calculations. The wave functions calculated at points selected along a straight conductance contour line are found to be dominated by a chain of scars of high probability distributions arranged as a necklace following the shape of cavity and the current density distributions calculated at these point are dominated by an overall vortex in the cavity. These characteristics are found to be insensitive to increasing magnetic field. However, the wave function probability distributions and the current density distributions calculated at points selected along a parabolic-like contour line show a clear dependence on increasing magnetic field, and the current density distributions at these points are characterized by the complex formation of several localized vortices in the cavity.
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Our work brings a new insight into quantum chaos in relativistic particle systems and would greatly stimulate experimental and theoretical efforts towards this still emerging field.
In mesoscopic chaotic structures, the wave functions of eigenstates can coalesce in particular coordinate space to form scars with enhanced probability distributions [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] T . The transmission coefficient T were calculated in the Green's function scheme within the tight-binding framework 25, 27, 47 , which we will only briefly describe here (for further details of the calculations, see Supporting Information). The cavity device can be split into three parts: left lead, cavity and right lead. The two leads are set to be semi-infinite to simulate the open boundaries 39 . The Green's function of the device is given by
, where Σ L and Σ R are the self-energies caused by the left and right leads, and H D is the tight-binding Hamiltonian of the graphene cavity with hopping terms up to the third-nearest-neighbor atoms included. The hopping energies are 2.8 eV, 0.28 eV, and 0.07 eV for the nearest, the second-nearest, and the third-nearest neighbors, respectively [48] [49] [50] . The coupling matrices between the leads and the cavity, Γ L (E) and Γ R (E),
39 , where For example, at point a 1 , the wave functions are highly localized to the regions close to the boundary of the cavity, looking as a chain of pearls (scars) arranged in a peanut shell like structure. At point a 2 where a finite magnetic field is applied, the wave functions remain localized to the regions close to the boundary of the cavity. The same localization characteristics are also seen in the wave function probability distributions at points a 3 to a 5 , although the scars become slightly smeared. In Figure 4 (d), the corresponding current density distributions calculated at the same five selected points along the straight high conductance contour line A are plotted.
Here it is seen that at zero magnetic field, i.e., at point a 1 , the current density distribution is symmetric with respect to the horizontal axis (marked by a dot-dashed red line). On both the upper and the lower side of the axis, we see an overall current flow from the left to the right, although the several sharp current turns inside the cavity are observable. At finite magnetic fields, i.e., at points a 2 to a 5 , the current density distributions are no longer symmetric with respect to the horizontal axis. Here on the upper side the current flows from the left to the right, while on the lower side the current flows from the right to the left, leading to the formation of an overall clockwise current vortex in the cavity. Note that here a net current passing through the cavity still remains to be from the left to the right. Note also that although we find the wave function probability distribution patterns at points a 2 to However, comparing to the results calculated for the region I shown in Figure 4 , here we can recognize clearly that additional current paths appear along the edges of the cavity. This might manifests the higher conductance observed in this far from Dirac point region.
In summary, we have studied the quantum transport properties of a relativistic quantum cavity. The cavity was made from a CVD grown graphene sheet on a Si/SiO 2 substrate.
The low-temperature measurements of the conductance map, i.e., the conductance in the were found in the calculated and measured conductance maps. It has been found that along a straight high conductance contour line, the scar pattern remains almost unchanged with increasing magnetic field, while the circulating direction of the current in the cavity at a finite magnetic field is closely related to the slope of the contour line-it circulates clockwise when the contour line has a positive slope but anti-clockwise when the contour line has a negative slope. Here it should be emphasized that the straight high conductance contour line and the associated characteristics found in the scar pattern and the current density distribution are inherit to a relativistic quantum cavity. However, along a parabolic-like high conductance contour line, it has been found that the charge density distribution displays a complex scar pattern and the current density distribution exhibits the formation of several local vortices. Furthermore, although at zero magnetic field the total effective areas enclosed by the vortices circulating in opposite directions are the same, this balance is broken at a finite magnetic field and the difference in the total effective area enclosed by the vortices of opposite directions changes with increasing magnetic field. Such a parabolic-like high conductance contour line has been commonly observed for nonrelativistic quantum system at low Fermi energy. But here we show it can also been observed in a relativistic quantum cavity. We expect that our work would stimulate experimental and theoretical studies of quantum chaos in relativistic quantum systems. except that a well-defined additional current path along the edge of the cavity is observable in each current density distribution panel.
